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a  b  s  t  r  a  c  t
The  viscous  stability  of the  primary  drainage  process  is of major  interest  for the  injection  of carbon
dioxide  (CO2) in  saline  aquifers,  since  it  determines  the spread  of  the CO2 plume  in  the  target  aquifer  and
consequently  the initial  utilization  of the  pore  space  for CO2 storage.  In  order  to analyze  the stability  of the
displacement  process,  the  relative  permeability  saturation  functions  must  be  known;  these  are  usually
derived  by experiments  under  conditions  representative  for the  ﬁeld.  It is  therefore  very  important  to
characterize  the  ﬂood  front  stability,  not  only  on  the  ﬁeld  scale  but  also  on the  experimental  scale,  in
order to judge  the  validity  of  the  experimental  results  as a precondition  for  reliable  ﬁeld  simulations.
Here we  investigate  the  onset  of  viscous  ﬁngering,  thereby  studying  under  what  conditions  CO2–brine
displacement  remains  stable.  We  discuss  the  role  of  relative  permeability  and the  stabilizing  effect  of
capillary  pressure  at different  length  scales  by  means  of  numerical  simulations.  The  results  allow  us
to assess  different  deﬁnitions  of  the  mobility  ratio and  establish  criteria  for judging  the  stability  of  the
displacement  process.  We  further  show  that in  cases  where  gravitational  forces  are  important,  the  gravity
tongue  dominates  the  ﬁngering  pattern,  and  unstable  situations  can occur  where  stability  would  be
predicted,  by considering  viscous  and  capillary  forces  only.In the  literature  various  criteria  for  the  onset  of  instability  have  been  proposed,  but these  are  inconsis-
tent  or inconclusive.  Our  intention  is  to  bring  order  into  this  discussion.  In the  present  study  we  validate
or  refute  stability  criteria  by  numerical  modeling  and  show  that  the shock-front  mobility  ratio  correctly
describes  the  onset  of  ﬁngering.  The  application  of  our  ﬁndings  is not  limited  to CO2–brine displacement.
The  criteria  for stability  can be applied  to most  two-phase  ﬂow  problems  in reservoir  engineering  in
er  ﬂo
lobalgeneral  ranging  from  wat
©  2012  Shell  G
. Introduction
The injection of carbon dioxide (CO2) in deep saline aquifers and
epleted oil and gas ﬁelds is widely discussed in the context of CO2
equestration for carbon capture and storage (CCS) (IPCC, 2005;
achu et al., 1994; Bachu and Gunter, 2004). Key questions relate
o how much CO2 can be stored in the respective geological forma-
ion, which is typically only a small fraction of the total available
ore space of the sedimentary rock formation, and the exact spread
f the CO2 plume, which needs to be controlled to ensure safe and
ermanent storage. Both questions are closely related to the pri-
ary CO2 plume migration which is – in the case of CO2 injection in
aline aquifers – a primary drainage process of immiscible ﬂuids if
he ﬂuids are mutually saturated. Besides porosity (), the absolute
ermeability (K) of the formation rock and the ﬂuid viscosities (),
apillary pressure, pc, and in particular the relative permeability, kr,
f the CO2–brine system are the key parameters used to describe
he propagation of the CO2 injection front in the porous rock and
∗ Corresponding author. Tel.: +31 704473043.
E-mail addresses: Holger.Ott@Shell.com, research@holger-ott.de (H. Ott).
750-5836/$ – see front matter © 2012 Shell Global Solutions International B.V. Publishe
ttp://dx.doi.org/10.1016/j.ijggc.2012.07.001oding  to  low  interfacial  tension  surfactant  ﬂooding.
 Solutions  International  B.V.  Published  by  Elsevier  Ltd.  All  rights  reserved.
to assess the CO2 storage capacity (Egermann et al., 2006); kr and
pc directly determine the local pore space occupation (displace-
ment efﬁciency) and the macroscopic bypassing (sweep efﬁciency)
by channeling or by viscous instabilities (Garcia and Pruess, 2003)
of the displacement process. While both mechanisms – channeling
and viscous ﬁngering – cause bypassing on a macroscopic scale,
channeling is the consequence of spatial variation of the above-
mentioned rock properties. Therefore, the saturation distribution
can in principle be correctly described by numerical models if the
spatial variation is known. Viscous ﬁngering, in contrast, is the
consequence of a hydrodynamic instability and can occur even in
completely homogeneous rock. It strongly depends on the indi-
vidual reservoir whether channeling or viscous ﬁngering is the
dominating effect, and therefore no general statement can be made
about the relative importance of either mechanism. However, the
two mechanisms are likely to have a combined effect and could
amplify each other, leading to a severe reduction of the macro-
scopic formation volume that is available for CO2 storage, and to an
uncontrolled spread of the CO2 plume. This would adversely affect
CO2 sequestration.
Since even subtle changes in relative permeability – as we  will
show in this paper – may  have a strong effect on the displacement
d by Elsevier Ltd. All rights reserved.
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rocess, a reliable experimental determination of kr is of major
nterest. For the CO2–brine system, in several studies the rela-
ive permeability kr was  determined by using the unsteady-state
USS) technique (Bennion and Bachu, 2005, 2008; Egermann et al.,
006; Berg et al., 2011; Ott et al., 2011) where CO2 is injected
nto a brine-saturated rock sample (“core”), displacing the brine.
n several studies the kr data are determined by semi-analytical or
umerical interpretation of the brine production and pressure drop
p over the core, and implicitly, stable displacement is assumed
ut not independently veriﬁed, e.g. by CT scanning during the dis-
lacement process as in Perrin and Benson (2010) and Berg et al.
2011). A priori it is not evident that the displacement of brine
y supercritical CO2 is actually stable. For all conditions relevant
o CO2 sequestration under which experiments are typically con-
ucted, the viscosity of the injected supercritical CO2 is lower than
hat of the displaced brine, which raises the question whether the
isplacement is stable or affected by viscous ﬁngering (Saffman
nd Taylor, 1958; Chuoke et al., 1959). When relative permeabil-
ty is determined from an unstable experiment subject to viscous
ngering by an interpretation that implicitly assumes stable dis-
lacement, the resulting kr(Sw) and pc(Sw) would not have general
alidity but would only be pseudo functions, i.e. volume-averaged
ffective properties limited to the speciﬁc sample size and satura-
ion distribution in the experiment. Therefore the question about
he stability of the CO2–brine displacement in experiments is very
mportant for assessing the validity of the CO2–brine relative per-
eability data obtained.
In the present work we investigate the viscous stability on an
xperimental scale in a linear geometry as typical for core ﬂood
xperiments. As a base case we focus on the experimental data
ublished in Berg et al. (2011);  this experiment was performed at a
ressure and temperature of 100 bar and 45 ◦C corresponding to an
quifer depth of about 1000 m,  at which the viscosities are CO2 =
.0338 cP, brine = 0.674 cP, i.e. the viscosity ratio is 1:20. Starting
rom this base case we map  the parameter space relevant for CO2
equestration.
We  treat CO2–brine as immiscible and do not consider the
utual solubility of CO2 and brine. This is justiﬁable because
utual solubility only plays a role close to the injection point
where the CO2 is not yet water saturated) and close to the CO2
ood front (where the brine might be under-saturated with respect
o CO2). Field simulations show that in the region ahead of the CO2
ood front, the brine phase is CO2-saturated by diffusive transport.
ence, CO2–brine displacement is essentially an immiscible dis-
lacement with maximum interfacial tension (IFT). The continuing
oss of CO2, which has been quantiﬁed in Berg et al. (2011),  leads
o a slightly diminished displacement.
We start by brieﬂy reviewing the stability criteria established
n literature for immiscible displacement in porous media ﬂows. In
he absence of capillarity and gravity effects, the mobility ratio is
he key parameter for the assessment of displacement stability. We
ocus on different deﬁnitions of the shock-front mobility ratio; the
hock front is accepted as the appropriate criterion for viscous ﬁn-
ering nucleation (Hagoort, 1974; Riaz and Tchelepi, 2004, 2006).
he end-point mobility ratio is not compatible with the results of
he present study.
We use the shock-front mobility ratio as a criterion to assess
hether in the absence of capillarity and gravity an experimental
ondition would be stable or unstable. We  identify the appropriate
eﬁnition of shock-front mobility ratio and we establish stability
aps as a function of relative permeability by means of 2D and
D numerical simulations. Capillary pressure, however, is known
o stabilize immiscible displacement (Hagoort, 1974; Parlange and
ill, 1976), in particular the shorter wavelengths, i.e. on a short
ength scale (Yortsos and Hickernell, 1989; Daripa and Pasa, 2008;
abchin et al., 2008). First the shock-front mobility ratio is usedhouse Gas Control 11 (2012) 188–203 189
as a criterion to assess whether in the absence of capillarity an
experimental condition would be stable or unstable. Then by two-
dimensional numerical simulations, for the unstable conﬁguration
in the absence of capillarity, the capillary pressure is systematically
increased to determine the stability limit for the given experimen-
tal scale.
As discussed in Yortsos and Hickernell (1989),  Daripa and Pasa
(2008) and Babchin et al. (2008),  capillarity stabilizes only per-
turbations on short length scales. On larger length scales that
are relevant for the ﬁeld, the displacement could actually still be
unstable. We investigate the ﬁeld case by upscaling the analysis
conducted for the length scale of laboratory experiments to ﬁeld
relevant length scales.
Gravity is able to inﬂuence the displacement stability signif-
icantly and can destabilize the ﬂow even if the no-gravity case
suggests stable displacement. We  take gravity into account and dis-
cuss the signiﬁcance of gravitational forces with respect to viscous
and capillary forces.
2. Stability of immiscible displacement in porous media
In immiscible displacement in porous media, an unstable ﬂood
front can be observed when the displacing phase has a larger mobil-
ity than the displaced phase, which can result in ﬁngering of the
displacing phase. The source of the instability is the viscous pres-
sure gradient which leads to a steeper pressure gradient of the
displaced phase ahead of the ﬁnger, which lets the ﬁnger grow as
shown by the analytical model by Van Wunnik and Wit  (1989).  The
phenomenon can be observed both in miscible and immiscible dis-
placement in porous media (Van Meurs, 1957; Saffman and Taylor,
1958). Due to hydrodynamic similarity the phenomenon is often
studied in planar geometries such as Hele–Shaw cells (Homsy,
1987; Feder, 1998). Immiscible and miscible ﬁngering differ by
the counteracting mechanism to the viscous-driven instability. For
immiscible situations it is the capillarity that opposes ﬁngering,
whereas for miscible situations it is hydrodynamic dispersion that
homogenizes concentration or saturation gradients caused by the
ﬁngering.
In this paper we consider only the immiscible displacement
of brine by CO2 in porous rock and do not consider the miscible
displacement of CO2–oil (Gardner and Ypma, 1984), for example.
Immiscible viscous ﬁngering has been observed and analyzed by
Chuoke et al. (1959) and Saffman and Taylor (1958) by using linear
stability analysis, but experimental evidence was published earlier
by Engelberts and Klinkenberg (1951),  who  gave a name to the phe-
nomenon. In the early work by Chuoke et al. (1959) and Saffman
and Taylor (1958), the stability is assessed for an initially sharp
front between displacing and displaced phases motivated by the
Buckley–Leverett shock front (Buckley and Leverett, 1942).
2.1. Immiscible displacement in porous media
The basis is the formulation of two-phase ﬂow by a phenomeno-
logical two-phase extension of Darcy’s law (Darcy, 1856) where the
speciﬁc ﬂux of phase  ˛ (  ˛ = w for the wetting phase, i.e. brine and
˛ = nw for the non-wetting phase, i.e. CO2) is described as
v˛ = −
kr,˛
˛
K · (∇p˛ − ˛g), (1)
K is the absolute permeability tensor and g is the gravity vector. Sw
and Snw are the saturations of the wetting and non-wetting phases
with Sw + Snw = 1. pnw and pw are the pressure of the non-wetting
and wetting phases, respectively, where the difference is deﬁned as
capillary pressure pc = pnw − pw . kr,˛ is the saturation-dependent
two-phase relative permeability of the ˛-phase. The ratio of
190 S. Berg, H. Ott / International Journal of Green
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description of porous media ﬂows in one dimension, including cap-ig. 1. Shock front for immiscible displacement (primary drainage) with and with-
ut capillary pressure, adapted from Lake (1989).
elative permeability to viscosity is often referred to as mobility.
he mobility ratio
 = kr,nw/nw
kr,w/w
(2)
f the displacing to displaced ﬂuid phase is a critical parameter for
he microscopic displacement efﬁciency and the further stability
nalysis.
The one-dimensional unsteady-state displacement can be
reated analytically by reformulating Eqn (1) and the continuity
quation for the fractional ﬂow of the wetting and non-wetting
hases, which is often referred to as the “Buckley–Leverett prob-
em” (Buckley and Leverett, 1942). For pc = 0 the displacing phase
ropagates with a shock front as sketched in Fig. 1, which is often
he base state for stability considerations.
In fact, the stability analysis is often not performed for an actual
orous-media ﬂow but for the planar Hele–Shaw geometry with
ontinuous ﬂuid phases. This situation is formally analogous to
wo-phase ﬂow in a porous medium (Feder, 1998) with one impor-
ant difference: the treatment of capillarity. In the Hele–Shaw cell,
apillarity occurs through the interfacial tension and the Laplace
ressure at curved interfaces which separates the continuous liq-
id phases. In a porous medium, capillarity leads to a diffusive front
ith a smooth saturation proﬁle as shown in Fig. 1, where both
hases co-exist on a microscopic scale.
.2. Results of the linear stability analysis
The starting point for the stability analysis is a straight inter-
ace between the displaced and displacing phase. This is then
erturbed, and the wavelength and growth rate of the perturba-
ion are analyzed. For immiscible viscous ﬁngering, perturbations
ith a wavelength  larger than a critical wavelength c can grow.
n Hele–Shaw cells c can be analytically calculated (Saffman and
aylor, 1958; Chuoke et al., 1959; Hagoort, 1974; Feder, 1998) using
inear stability analysis
 > c = 2
√

(2/k2 − 1/k1)(u − uc)
(3)
here  is the interfacial tension between the two phases, 1 and
2 their viscosities, k1 = k2 = k the permeability of the Hele–Shaw
ell, u the ﬂow velocity and uc the critical velocity (Feder, 1998).
or horizontal conﬁgurations uc = 0. For vertical conﬁgurations
c = g · (1 − 2)/(2/k2 − 1/k1). The wavelength with the fastest
rowth rate is max =
√
3 · c (Feder, 1998).
For horizontal ﬂow, which is the situation considered here, the
isplacement is unstable when the expression in the square root ofhouse Gas Control 11 (2012) 188–203
Eq. (3) is positive, i.e. the mobility of the displacing phase is larger
than that of the displaced phase, i.e.
M = 2/k2
1/k1
> 1 (4)
where “1” and “2” refer to the saturation endpoints far ahead and
behind the displacement front, respectively.
This stability criterion can be directly translated to porous media
ﬂows (Feder, 1998) but one has to keep in mind that this analogy
is inconsistent in the sense that a shock-front proﬁle with pc = 0
serves as the base state. On the other hand, the restoring force is
described as effective interfacial tension (see Chuoke et al., 1959)
which represents capillarity with pc > 0. Setting both pc and effec-
tive interfacial tension consistently to zero would rule out capillary
forces as a restoring force, which would then be replaced by other
mechanisms such as dispersion similar to the case of miscible ﬁn-
gering (see Tan et al., 1986).
Note that the linear stability analysis is only valid for small ﬁn-
gering amplitudes and is therefore only valid for the initial growth
regime of the ﬁngers. The analytical model by Van Wunnik and
Wit  (1989),  where the ﬁngers are approximated as half-ellipses,
predicts exponential growth for small ﬁngers and linear growth
for large ﬁngers. For large amplitudes, the non-linear interactions
between the ﬁngers are reported as the dominant factors (Riaz and
Tchelepi, 2006).
2.3. Inﬂuence of capillarity on the stability
Several attempts have been made to extend that description
to actual porous media with capillarity. Chuoke et al. (1959) sub-
stituted the microscopic interfacial tension  with an “upscaled”
macroscopic parameter to assess the stability of the displace-
ment and ﬁngering wavelength in porous media with capillarity.
Hagoort (1974) followed the approach by Chuoke et al. (1959) but
introduced a criterion based on the dissipation of viscous energy
and conversion into capillary energy to determine stability. Wang
et al. (1998) (including the correction in Javaux et al., 2005) used
the results of the stability analysis by Chuoke et al. (1959) and
introduced a critical gravity-viscous velocity similar to uc and a cap-
illary velocity, which are used to determine criteria for the onset
of unstable ﬂow. The capillary velocity is used to account for capil-
lary effects, which have been seen by many researchers to suppress
viscous ﬁngering (Parlange and Hill, 1976; Wang et al., 1998). It
is important to note that these approaches are all based on the
stability analysis by Chuoke et al. (1959) where a simpliﬁed deﬁni-
tion of the base state is used which does not account for capillary
dispersion of the shock front as sketched in Fig. 1.
Despite the formal similarity of the two-phase ﬂow in a
Hele–Shaw cell and a porous medium (Feder, 1998), the situation
in a porous medium is certainly different. While in a Hele–Shaw
cell, at any given location, either one or the other liquid phase is
present but phases do not co-exist, in the continuum description
of multiphase ﬂow in a porous medium the two phases co-exist at
the same location in space (Yortsos and Hickernell, 1989; Daripa
and Pasa, 2008) which is parameterized via the saturation of the
wetting phase Sw . As a consequence, in two-phase ﬂow in porous
media, capillarity manifests not only an effective interfacial ten-
sion between microscopic ﬂuid–ﬂuid interfaces, but pc /= 0 also
causes a dispersion of the Buckley–Leverett shock front (“capillary
dispersion”, Jerauld et al., 1984) as sketched in Fig. 1, which in
a consistent description should then serve as the base state for
the stability analysis. A stability analysis which is based on a fullillarity, is reported by Jerauld et al. (1984),  Yortsos and Hickernell
(1989), King and Dunayevsky (1989),  Barenblatt et al. (1990),  Riaz
and Tchelepi (2004, 2006),  Babchin et al. (2008),  and Daripa and
 Greenhouse Gas Control 11 (2012) 188–203 191
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asa (2008).  One of the key ﬁndings is that capillary pressure acts
n particular on the short wavelength perturbations in a stabilizing
ay. Analytical approximations by Yortsos and Hickernell (1989)
nd Babchin et al. (2008) have shown that the instability growth
ate consists of two terms where the ﬁrst term is a purely vis-
ous term and scales with wave number
∣∣k∣∣ and the second term
ontains the capillarity and scales with k2. In a typical situation,
he ﬁrst term is positive and the second term is negative, which
eads to a parabolic form of the growth rate which is positive for
mall wavenumbers k, i.e. long wavelengths, and becomes negative
or larger k, i.e. shorter wavelengths. Capillarity acts in a similar
ay as dispersion (sometimes termed “capillary dispersion”; see
erauld et al., 1984; Riaz and Tchelepi, 2004), transforming a sharp
hock front into a diffuse zone with an elongated tail. As a con-
equence, the mobility contrast between displacing and displaced
uid decreases and the instability is suppressed in a similar way, as
ispersion is the counteracting mechanism to ﬁngering in miscible
isplacement (Homsy, 1987). Capillarity basically suppresses ﬁn-
ering on the same length scale as the shock front is dispersed, i.e.
t is entirely a matter of scale. In fact, it is actually the ratio of vis-
ous to capillary forces that determines how sharp the shock front
s and whether ﬁngering is suppressed or not. Core ﬂooding exper-
ments conducted at low ﬂow rates are often capillary dominated
hile core ﬂooding experiments at large ﬂow rates and ﬂow on the
eld scale are typically viscous dominated. The ratio of viscous to
apillary forces on a Darcy ﬂow scale is expressed by the macro-
copic capillary number (Anton and Hilfer, 1999). Therefore Riaz
nd Tchelepi (2004) scaled length by the capillary number, which
ccounts for this balance between viscous and capillary forces.
In the limit of no gravity and no capillarity, Yortsos and
ickernell (1989) recover the mobility ratio stability criteria from
affman and Taylor (1958),  but it is worth noting that Yortsos and
ickernell (1989) and Babchin et al. (2008) use the endpoint mobil-
ty ratio. Riaz and Tchelepi (2004, 2006) and Riaz et al. (2007)
onduct a similar stability analysis but use the shock-front mobility
atio as a criterion.
.4. Endpoint vs. shock-front mobility ratio
Several authors argue that the relative permeability endpoints
hould be used to assess stability (see e.g. Jerauld et al., 1984;
ortsos and Hickernell, 1989; Babchin et al., 2008; Barenblatt et al.,
972, 1990). In the limit of no gravity and no capillarity, in Eq. (5.15)
n Yortsos and Hickernell (1989),  instability is found for an endpoint
obility ratio
e =
kr,2(x → −∞)/2
kr,1(x → +∞)/1
> 1 (5)
here “1” and “2” refer to the displaced and displacing phase.
→ − ∞ refers to a saturation where the displacing phase has
eached its maximum saturation. In analogy, x→ + ∞ refers to a
aturation where the displaced phase has reached its maximum
aturation. In other words, relative permeability of displacing and
isplaced phases is evaluated at the respective residual saturation.
he criterion from Eq. (5) is actually identical to the criterion for
nstability in Eq. (18) in Babchin et al. (2008).  For the endpoint
obility ratio the relative permeability of the displacing phase is
valuated at a location far upstream, and the relative permeability
f the displaced phase is evaluated at a location far downstream.
s a consequence, the criterion for the onset of instability does
ot depend on the concrete form of the relative permeability-
aturation function like the Corey exponents, but only on the
ndpoint values at residual saturations. By now it has been gen-
rally accepted that instead of the endpoint mobility ratio the
hock-front mobility ratio should be used (Hagoort, 1974; Riaz andFig. 2. Immiscible displacement of brine by CO2: in order to assess the stability of
the  displacement, the mobilities (kr/) of CO2 and brine have to be evaluated on the
left  and right side of the shock front, respectively.
Tchelepi, 2004, 2006; Riaz et al., 2007; Buchgraber et al., 2011; Tang
and Kovscek, 2011a)  as shown in the sketch in Fig. 2 where Sshock
is the saturation at the shock front. Riaz and Tchelepi (2006) ﬁnd
that the concrete form of the relative permeability function has
a large inﬂuence on the onset of instability. A simple form of the
shock-front mobility ratio can be written in analogy to Eq. (4) as
Ms =
kr,2(Sshock)/2
kr,1(x → +∞)/1
> 1. (6)
Both criteria, Me and Ms, are identical for the approximation of
a step proﬁle as it would occur for capillary numbers Ncap→ ∞. The
main difference between the Me > 1 and the Ms > 1 criteria is that
the endpoint mobility ratio Me indicates instability for far more sit-
uations than the shock-front mobility ratio Ms. Consider a situation
where both relative permeability endpoints = 1. Then Ms > 1 for any
situation where the viscosity ratio 1/2 > 1. But as will be shown
in the following sections, for a large range of viscosity ratios >1
instability occurs only for a very limited set of Corey exponents. In
other words, Me > 1 predicts instability for cases that are actually
stable.
In the literature, some authors also use the total mobility of both
phases combined as a criterion for the onset of instability. Jerauld
et al. (1984) employ the total-mobility ratio far ahead and behind
the shock front as a criterion for stability. Hagoort (1974) uses the
total-mobility ratio at the shock front in analogy to Eq. (6):
MT,Hs =
kr,2(Sshock)/2 + kr,1(Sshock)/1
kr,2(x → +∞)/2 + kr,1(x → +∞)/1
> 1, (7)
considering both ﬂuid phases on both sides of the shock front,
respectively. Another form of the total shock-front mobility ratio is
introduced by Riaz and Tchelepi (2006):
T = Me kr,2 + kr,1 (8)
with the criterion for instability:
MT,Rs =
T (Sshock)
T (x → +∞)
> 1. (9)
Both criteria, MT,Hs and M
T,R
s , coincide for both relative perme-
ability endpoints = 1.
3. Relative permeability for CO2–brine
In this work the extended Corey model (Corey et al., 1954;
Brooks and Corey, 1964) is used to parameterize the relative per-
meability functions with an analytical representation(
S − S )nw
kr,w = kr,w(Snw,r) w wc1 − Swc − Snw,r (10)
kr,nw = kr,nw(Swc)
(
1 − Sw − Snw,r
1 − Swc − Snw,r
)nnw
(11)
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deﬁnes SCO2,r = 0 and kr,brine(Sw = 1) = 1. The connate water sat-
T
Oandstone rock from Berg et al. (2011). Unsteady-state and steady-state data (dott
elative  permeability data for CO2–brine in Berea rock from Perrin and Benson (201
here Sw,c and Snw,r are the residual wetting and non-wetting
hase saturations, respectively, and kr,nw(Swc) and kr,w(Snw,r) are
he corresponding relative permeability endpoints. In the case dis-
ussed here, CO2 is the non-wetting phase. CO2 and brine are
mmiscible but there is mutual solubility (Marini, 2007; Berg et al.,
011). In this study, for the sake of simplicity, both ﬂuid phases are
ssumed to be mutually saturated.
Relative permeability is a parameter that is typically speciﬁc
or the individual rock–ﬂuid system. In the literature, several inde-
endent measurements of relative permeability for the CO2–brine
ombination are reported. Bennion and Bachu (2005, 2008) deter-
ined CO2–brine relative permeability in Canadian sandstone and
arbonate samples for drainage and imbibition from unsteady-state
xperiments with mutually saturated ﬂuid phases. The relative per-
eability curves were extracted from the total brine and CO2 ﬂow
ates and the pressure drop during the core ﬂood. Egermann et al.
2006) also determine relative permeability from unsteady-state
ore ﬂooding experiments conducted in homogeneous limestone
ock. Perrin et al. (2009),  Perrin and Benson (2010) and Kuo et al.
2010) used the steady-state technique to determine the CO2–brine
elative permeability in Berea sandstone and sandstone rock from
outh-west Australia, but limitations due to large sample hetero-
eneity were encountered.
In a previous study (Berg et al., 2011) we determined the rel-
tive permeability and capillary pressure for supercritical CO2
isplacing brine (primary drainage) in Berea sandstone rock. The
nsteady-state experiment was analyzed by history matching the
roduction data and saturation proﬁles obtained from CT scanning.
n Fig. 3 the resulting kr and pc data are shown. We  also show the
esult of a reference experiment where n-decane displaces brine
nder comparable conditions, which was independently veriﬁed
rom standard measurements on twin samples. For comparison we
dded the Berea data (same rock type) from Perrin et al. (2009) and
errin and Benson (2010) to the plot. The associated Corey param-
ters are listed in Table 1 and serve together with the pc data in
ig. 3 as the base case for the further stability assessment.
able 1
verview of relative permeability (Corey parameters, see Eqs. (10) and (11)) resulting fro
Exp. Comment Sw,c Snw,r
CO2–brine (saturated)
3 best ﬁt 0.2 0.0 
Decane–brine
1  USS 0.2 0.0 
1 SS  0.22 0.0 es and open symbols, respectively) for decane–brine are included for comparison.
d Perrin et al. (2009) are added (ﬁlled symbols) to the kr plot.
4. Stability of CO2–brine primary drainage for pc = 0
As discussed in Section 2.4,  the appropriate criterion for the
onset of unstable displacement is the shock-front mobility ratio
where kr,CO2 and kr,brine are evaluated on the shock front as shown
in Fig. 2:
Ms =
kr,CO2 (Sshock)/CO2
kr,brine(Sw = 1)/brine
> 1. (12)
The height of the shock front and hence Ms can be determined
by means of Buckley–Leverett calculations at pc = 0.
Taking the experiment with the mutually saturated CO2–brine
in Berg et al. (2011),  the viscosities are CO2 = 0.0338 cP,
brine = 0.674 cP. The relative permeability data are listed in Table 1.
The resulting breakthrough saturation of CO2 is 0.36, and the CO2
relative permeability at breakthrough is only 0.05. As a conse-
quence, the mobility ratio is 1.06, which is larger than 1, meaning
that the displacement is marginally unstable. In principle, the sta-
bility is sensitive to the following groups of parameters:
• Viscosity ratio. In most of the cases brine/CO2 = 20 is consid-
ered to represent the conditions of CO2–brine at T = 45 ◦C and
P = 100 bar, which is a realistic ﬁeld case (Berg et al., 2011). Cal-
culations at viscosity ratios of 10 and 40 show the sensitivity in a
viscosity range that is realistic for sequestration projects.
• Corey exponents. In the case discussed here, they are system-
atically varied over a range representative for a broad range of
rock–ﬂuid properties, i.e. different rock types and different wet-
ting conditions.
• Relative permeability endpoints and residual saturations. The
case discussed in the present paper is the primary drainage, whichuration is kept ﬁxed at Swc = 0.2 (see Table 1), and the endpoints
kr,CO2 (Sw = Swc) = 1 (enables good comparison of stability crite-
ria) and 0.5 (see Table 1) are used.
m the numerical interpretation of the experiments in Berg et al. (2011).
kr,nw(Sw,c) kr,w(Snw,r ) nw nnw
0.5 1.0 2.5 3.7
0.5 1.0 4.5 2.8
0.42 1.06 4.2 2.92
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Fig. 4. Shock-front mobility ratio Ms for primary drainage and pc = 0, calculated by the Buckley–Leverett formalism, as a function of the Corey exponents nCO2 and nbrine.
For  the calculations and numerical simulations the following parameters were used: brine/CO = 20, Swc = 0.2 (compare Table 1), SCO ,r = 0 and kr,brine(Sw = 1) = 1. On the
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meft-hand side, kr,CO2 (Sw = Swc) = 1 is chosen as an exemplary situation which is the
he  experimental situation. The Corey exponents for experiments (1) and (3) in Tab
ndicated  as a red line. The dots and circles (a) to (d) represent numerical simulatio
.1. Stability map as a function of Corey exponents
In Fig. 4 the shock-front mobility ratio Ms is plotted as a function
f the Corey exponents nCO2 and nbrine corresponding to nnw and
w in Eqs. (11) and (10). In Fig. 5 the shock-front mobility ratio
riterion Ms > 1 from Eq. (6) is directly compared to the shock-front
otal-mobility ratio criteria MT,Hs > 1 (Eq. (7))  and M
T,R
s > 1 (Eq.
9)), which coincide in the given case (kr,CO2 (Sw = Swc) = 1). The
ig. 5. Shock-front mobility ratio Ms (left) and shock-front total-mobility ratio MTs for pr
CO2 and nbrine for brine/CO2 = 20. The stability assessment from the numerical simulat
ore  closely and are not at all in agreement with the MTs > 1 criterion on the right side.2 2
her discussed in the paper. On the right-hand side, kr,CO2 (Sw = Swc) = 0.5, which is
e indicated in the plot. The boundary between stable and unstable displacement is
cussed in more detail in Section 4.3.
stability assessments from the numerical simulations match the
Ms > 1 criterion much closer and are not at all in agreement with
the MTs > 1 criterion.4.2. Inﬂuence of the viscosity ratio
In Fig. 6 the stability lines (Ms = 1) from Fig. 4 are plotted for
three different viscosity ratios: 1:10, 1:20 (as in Fig. 4) and 1:40 for
imary drainage at pc = 0. The data are plotted as a function of the Corey exponents
ions match the Ms > 1 criterion on the left (identical to the left side of Fig. 4) much
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Fig. 6. Stability lines (Ms = 1) for primary drainage and pc = 0, plotted as a function of the Corey exponents nCO2 and nbrine. kr,CO2 (Sw = Swc) = 1.0 on the left and 0.5 on the
right  for viscosity ratios 1:10, 1:20 and 1:40, respectively.
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tionally resolved the ﬁnger width in distinctly unstable cases and
approached the stability border from that basis, which allowed the
ﬁnger width to tend to expand (as can be seen from Eq. (3)), and
constant
flow rate
constant
pressure
K,
no flow
zFig. 7. Fingering pattern for viscosi
he two endpoints kr,CO2 (Sw = Swc) = 1.0 and 0.5. As a general trend
ne can observe that the region of unstable displacement expands
hen the viscosity ratio and the relative permeability endpoint for
O2 are increased. The two effects can compensate each other, i.e.
he stability lines for brine/CO2 = 10 and kr,CO2 (Swc) = 1 are iden-
ical to brine/CO2 = 20 and kr,CO2 (Swc) = 0.5, which is a result of
he way in which the two parameters are entered into the fractional
ow equation. Furthermore, it is evident that there is a critical vis-
osity ratio (dependent on kr,CO2 (Swc)) below which no instability
s possible (M < 1) in the range of Corey exponents 2 ≤ n ≤ 5. When
he viscosities are identical (CO2 = brine) and if both endpoints
re unity, the shock-front mobility ratio is always M < 1, i.e. the dis-
lacement is always stable, and the lowest viscosity ratio at which
 ≥ 1 is seen is brine/CO2 ≈ 8.
In Fig. 7 ﬁngering for viscosity ratios of 1:20, 1:40 and 1:100
re displayed at pc = 0. The larger the viscosity ratio, the smaller
he wavelength (which is in agreement with Eq. (3))  and the more
longated the ﬁngers, which is a consequence of a larger growth
ate (see Riaz and Tchelepi, 2004, for example).
.3. Comparison to numerical simulations
In the following, a set of numerical simulations based on Eq. (1)
nd the continuity equation is conducted to verify the stability map
isplayed in Fig. 4. For the sake of simplicity, relative permeability
ndpoints are taken to be kr,brine(Sw = 1) = kr,CO2 (Sw = Swc) = 1.0
left-hand side of Fig. 4). The simulations are based on the ﬂow
eometry from the experiment reported in Berg et al. (2011),  which
s sketched in Fig. 8. Details of the experimental setup and the
xperimental conditions and protocols for the CO2–brine primary
rainage are reported in Berg et al. (2011).ios 1:20, 1:40 and 1:100 and pc = 0.
The simulations were conducted with the Shell proprietary
reservoir simulator MoReS (Regtien et al., 1995), which is a fully
implicit ﬁnite volume Darcy ﬂow simulator. A porous media
representative for Berea sandstone with a porosity of 25% and
permeability K = 100 ± 2 mD was  considered. In order to allow for
ﬁnger nucleation inside the rock and to avoid artifacts at the inlet
face, a 4 mD random permeability variation was superimposed on
the 100 mD base permeability as a multi-spectral stimulation. The
random ﬁeld is initialized at each simulation run, i.e. at each run a
different random ﬁeld was used.
Except where explicitly noted otherwise, in all simulations a
two-dimensional numerical grid was  used with 50 grid blocks in
ﬂow direction (15 cm total length) and 100 grid blocks perpen-
dicular (7.5 cm total width) in order to resolve the ﬁngers. To
resolve ﬁngers of smaller wavelength, a ﬁner grid was  used. We
ensured a proper grid resolution by simulating some critical cases
with grid sizes reﬁned by factors of 2 × 2 and 4 × 4. We  addi-no flowx
y
Fig. 8. Flow geometry and boundary conditions for the simulation domain.
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aig. 9. MoReS model for K = 100 ± 2 mD,  pc = 0, density difference  = 0, brine/CO2
nd  (b) nCO2 = 3.5, nbrine = 2.0 leading to unstable displacement. (c) is on the stable 
t  the front, but these do not grow. (d) represents the experimentally determined C
nsured that the grid resolution was sufﬁcient. The injection rate
as 0.25 ml/min, which corresponds approximately to a linear ﬂow
elocity of 0.85 ft/day, which is a typical linear ﬂow velocity for
eld conditions. The viscosity ratio is brine/CO2 = 20. In order
o focus on the viscous ﬁngering instability, all gravity effects are
uppressed at ﬁrst by using an (artiﬁcial) density difference   = 0.
A set of simulation results is shown in Fig. 9 where the saturation
atterns during the displacement for different relative permeabil-
ty values are displayed. For pc = 0, where nCO2 = 2.5, nbrine = 4.5
a), the displacement is stable. There are some very minor ﬂuctua-
ions at the shock front but they do not grow, at least not over an
xperimental time scale. In case (b) for nCO2 = 3.5, nbrine = 2.0 the
isplacement is unstable. The ﬂuctuations at the shock front grow
o individual ﬁngers which are fully resolved by the numerical grid.
n Fig. 10 the growth of the ﬁngers in situation (b) is shown in a time
eries after injection of 0.15, 0.25 and 0.35 PV in direct comparison
o a stable front propagation.The results of the simulations shown in Figs. 9 and 10 are in
ine with the stability line in Fig. 4. The stability line was  then
racked more closely with additional numerical simulations which
re not individually shown, but their outcomes, i.e. whether the
Fig. 10. Time series of ﬁnger growth for the unstable situation (b) at at a ﬂow rate of 0.1 ml/min: (a) nCO2 = 2.5, nbrine = 4.5 leading to stable displacement
f the stability diagram although the numerical simulation shows some ﬂuctuations
xponents (experiment 3 from Table 1) but a kr endpoint = 1 is unstable for pc = 0.
displacement is stable or unstable, are marked up as circles in Fig. 4.
In some cases it could not be clearly determined whether the dis-
placement was stable or not on an experimental time scale, due to
the generally low growth rate close to the stability line. Those cases
were marked as “unclear.” Overall the stability observed in the
numerical simulations is in reasonable agreement with the red sta-
bility line which supports the shock-front mobility ratio criterion
Ms > 1.
In panel (c) of Fig. 9, a simulation is shown of a condition which,
according to the diagram in Fig. 4, is stable. The displacement is
indeed stable. The front is corrugated and shows some ﬂuctuations,
but these do not grow (at least not on the respective time scale).
This conﬁrms the stability condition from Eq. (12) that is derived
from the condition that ﬂuctuations at the interface do not grow.
There are, however, some situations with M < 1 which appear
as unstable in the numerical simulations, but the stability map in
Fig. 4 suggests stability. The reason is not fully clear. One  of the pos-
sible reasons is that it is not that straightforward to determine the
stability from a numerical simulation. Close to the stability limit
the ﬁngering growth rate is very small and the displacement front
can become corrugated by channeling or dispersion caused by the
 the top and the stable situation (a) from Fig. 9 at the bottom.
196 S. Berg, H. Ott / International Journal of Greenhouse Gas Control 11 (2012) 188–203
0 2 4 6 8 10 12 14
0.0
0.2
0.4
0.6
0.8
1.0
n
o
n
-w
e
tt
in
g
p
h
a
s
e
s
a
tu
ra
ti
o
n
S C
O
2
position x (cm)
Buckley-Levere tt 1D
MoReS, p
c
=0
MoReS, p
c
>0
F
s
n
±
l
s
s
s
n
i
p
c
4
i
w
t
F
0
0
ig. 11. Saturation proﬁles from a 1D Buckley–Leverett calculation (pc = 0), a MoReS
imulation for pc = 0 and a MoReS simulation with the pc from Fig. 3 for nw = 4.5,
CO2 = 3.0 and kr endpoints = 1.
2% random permeability variation, given that over the simulated
ength scale in ﬂow direction it is not always clear whether those
tructures grow or if the amplitude of the perturbations stays con-
tant. The other possible reason is that in numerical simulations the
hock front is somewhat smooth as a consequence of numerics and
ot inﬁnitely sharp as the shock-front mobility ratio assumes. That
s illustrated in Fig. 11 where for a stable situation the saturation
roﬁles from a 2D numerical simulation with and without pc are
ompared with the 1D Buckley–Leverett proﬁle (Dake, 1978).
.4. Simulations in 3DSo far all simulations have been performed in two dimensions
n the x–z plane (see Fig. 8), which for neutrally buoyant ﬂuids, as
e assumed them to be for the sake of simplicity, is equivalent to
he y–z plane. In Fig. 12 a 3D simulation with 50 × 100 × 100 grid
ig. 13. Transition from unstable to stable displacement with increasing pc: MoReS mod
.25  ml/min and nCO2 = 3.5, nbrine = 2.0. Unstable displacement is observed with pc = 0 (si
.01  mN/m and 0.05 mN/m,  the displacement remains unstable but the ﬁngering wavelen
 = 0.1 mN/m and stable at  = 1 mN/m and larger.Fig. 12. Fingering for the conditions from Fig. 9(b) (pc = 0) in a 3D simulation using
a  grid of 50 ×100 ×100 grid blocks representing 15 cm ×7.5 cm ×7.5 cm.
blocks is displayed. The ﬁngers at the displacement front (transi-
tion from green to red) can be clearly seen. This conﬁrms that the
ﬁngering is not an effect of a two-dimensional simulation domain
but is equivalent to that in 3D. Due to the high computational cost
of 3D simulations, most of the simulation work in this paper was
performed in 2D.
5. Inﬂuence of pc > 0 on stability
One has to keep in mind that these Buckley–Leverett estimates
for ﬂuid mobilities do not take capillary pressure into account,
even though capillarity is known to suppress ﬁngering (Parlange
and Hill, 1976), in particular for short wavelengths (Daripa
and Pasa, 2008; Babchin et al., 2008). This is relevant for the
experiments discussed here because the wavelengths for pertur-
bation are restricted to the width of the conﬁning geometry which
is just a few centimeters, which means that capillarity can effec-
tively stabilize the short wavelengths. The question is, then, what
el for K = 100 ± 2 mD, density difference  = 0, brine/CO2 ≈ 20 at a ﬂow rate of
tuation b in Fig. 4). When the interfacial tension is increased from  = 0.0 mN/m to
gth increases greatly in line with Eq. (3).  The situation is only marginally stable at
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Ngrav ≈ 16 and hence the system is gravity dominated. Fig. 16 shows
the displacement at higher ﬂow velocities – i.e. at lower Ngrav
(Ngrav = 10, 1 and 0.1) to visualize the transition from a gravity to
a viscous dominated ﬂood. While for Ngrav »1 gravity overrun isig. 14. Unstable (top) and stable (bottom) displacement in absence of gravity (left)
.5  and a viscosity ratio of 1:20.
appens for long wavelengths and which stability criteria apply,
.g. on the ﬁeld scale for realistic CO2–brine capillary pressure. In
he following, an answer to this question is sought by means of
umerical simulations using a ﬁne grid with 100 × 200 grid blocks
n ﬂow and transversal directions, respectively.
.1. Stabilization by pc > 0 on an experimental scale
This stabilizing effect is demonstrated in numerical simulations
f the unstable situation (b) from Fig. 9. In order to study from
hich pc > 0 value onward an unstable displacement turns stable,
n Fig. 13 we successively turn on pc. As a basis for pc(Sw) we  use
he data for decane/brine from Fig. 3 and then scale it by interfacial
ension  according to
c() = 
ref
pc,ref (13)
here pc,ref is the capillary pressure measured at a reference inter-
acial tension ref which here is 47.9 mN/m for decane–brine (Berg
t al., 2011). Unstable displacement is observed with pc = 0 (situa-
ion b in Figs. 4 and 9). When the interfacial tension is increased
rom  = 0.0 mN/m to 0.01 mN/m and 0.05 mN/m,  the displace-
ent remains unstable but the ﬁngering wavelength increases
reatly in line with Eq. (3).  The situation is only marginally sta-
le at  = 0.1 mN/m,  i.e. the approximate point of transition from
table to unstable displacement. For  = 1 mN/m and larger the dis-
lacement is stable, i.e. the displacement is stable for a realistic pc
 = 30 mN/m)  and on an experimental length scale.
. Effect of gravity
When considering the actual densities of CO2 and brine
ith CO2 = 0.41 g/cm3 and brine = 1.0 g/cm3 for the conditions
eported in Berg et al. (2011),  dramatic changes in the vertical and
orizontal saturation proﬁles develop during the displacement as
hown in Fig. 14.  Gravitational forces have to be considered in rela-
ion to viscous forces and for pc > 0 also in relation to capillary forces
Kopp et al., 2009). Gravity in general leads to an over-run of the
ess dense CO2 phase. Fig. 14 shows an unstable (top) and a stable
bottom) situation (with the stability evaluated in the absence of
ravity) without and with gravity on the left and right, respectively.
f gravity is signiﬁcant, the gravity tongue is the dominating feature
s a consequence of an interplay between gravitational and viscousith the inﬂuence of gravity on the saturation proﬁles (right) for pc = 0, kr,CO2 (Sw,c) =
forces. Gravity leads to an upward migration of CO2, and hence to
a higher shock front at the top of the simulation domain, whereas
the saturation proﬁle in the middle is very similar to the no-gravity
case as compared in Fig. 15.  At the bottom the ﬂow is rather sta-
bilized due to CO2 depletion. As a result, in the already unstable
case (nbrine = 2.0 and nCO2 = 4.5), the presence of gravity leads to
a further increase of instability and a domination of the gravity
tongue because it is the feature with the largest shock-front height
and hence has the largest growth rate. This increased shock-front
height at the top can lead to an unstable situation even if the rela-
tive permeability parameters for the no-gravity case suggest stable
displacement (compare bottom row for nbrine = 4.5 and nCO2 = 2.0).
Here the simple 1D Buckley–Leverett shock-front argument is no
longer valid.
The relative signiﬁcance of gravitational to viscous forces can be
expressed by the gravity number, which Anton and Hilfer (1999)
and Riaz and Tchelepi (2004) deﬁned as:
Ngrav = K g
 v
(14)
where K is the permeability,   is the ﬂuid–density contrast
(brine − CO2 ),  = CO2 is the viscosity of the displacing ﬂuid,
and v is the linear ﬂow velocity. For the case displayed in Fig. 14,Fig. 15. CO2 saturation proﬁles along the lines indicated in Fig. 14.
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Fig. 16. Displacement with the inﬂuence of gravity for different injection rates resulting in Ngrav = 10 (left), 1 (middle) and 0.1 (right) for pc = 0, kr,CO2 (Sw,c) = 1 and a viscosity
ratio  of 1:20.
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Pc is a characteristic value of the capillary pressure. Anton and
Hilfer (1999) used pc = pc((Swc − Snw,r + 1)/2), which is ≈0.04 barig. 17. Gravity over-run in the cylindrical geometry of the core ﬂooding experime
left)  and pc > 0 from Fig. 3. A realistic capillary pressure (pc > 0) suppresses the grav
ominant, for Ngrav «1 gravity can be ignored and individual ﬁngers
re formed. For Ngrav ≈ 1, the gravitational and viscous forces are
omparable and characteristic features of both regimes are visible
n the saturation proﬁle.
In the 3D simulations displayed in Fig. 17 the interplay of grav-
ty and capillary forces were studied. The left image represents the
nstable case (b) in Figs. 9 and 12 with pc = 0. The dominating fea-
ure is the distinct gravity tongue. The tongue shows a very minor
egree of corrugation which is also much less pronounced than the
ngers observed in Fig. 12.  For a realistic capillary pressure (cor-
esponding to  = 30 mN/m)  the displacement becomes stable and
he gravity tongue disappears. The impact of gravity is only visible
n a tilted front.
. Effect of increasing length scales on the stability in the
resence of pc > 0
Fig. 13 demonstrates how on a short length scale represen-
ative for core-ﬂood experiments, pc > 0 stabilizes displacement.
n the case of CO2–brine primary drainage with interfacial ten-
ion of approx. 30 mN/m,  the corresponding capillary pressure will
lways lead to stability. But as pointed out by Yortsos and Hickernell
1989),  Daripa and Pasa (2008) and Babchin et al. (2008),  capillar-
ty stabilizes only on short-length scales. The question is, then, at
xactly which length scale does a displacement become unstable
t a given pc.
Fig. 18 shows an unstable situation for pc = 0 (nw = 2.0, nCO2 =
.5, both kr endpoints = 1). pc is systematically increased by scaling
ith interfacial tension according to Eq. (13). Once the displace-
ent appears stable at the given length scale, the length scale ofhe simulation domain is increased until the instability is observed
gain. The linear ﬂow velocity is kept constant at 1 ft/day. In that
ay, the capillary pressure is increased from zero to the value found
or CO2–brine at an interfacial tension of 30 mN/m,  and unstable nw = 2.0, nCO2 = 3.5, kr,CO2 (Sw,c) = 0.5 endpoint and a viscosity ratio of 1:20. pc = 0
ngue.
displacement is found on a transversal length scale of 45 m and
above which is then relevant for typical ﬁeld cases.
The result in Fig. 18 is actually not too surprising when consid-
ering that the onset of the instability is expected to scale with the
capillary number. Riaz and Tchelepi (2004) included the capillary
number in the length scale but Riaz and Tchelepi (2006) kept it as
an explicit parameter. The relevant capillary number to describe
the onset of ﬁngering is the macroscopic capillary number which
Hilfer and Oren (1996) deﬁned as
NMcap =
 v L
pc K
(15)
where  = CO2 is the viscosity of the displacing ﬂuid, v is the linear
ﬂow velocity and K the permeability, and L is a characteristic length
scale in ﬂow direction.
Take for instance L as the scale of observation, which also sets
the pressure gradient, then NMcap can also be understood as the ratio
of the scale of observation over the width of the capillary smear-out
x  (compare Fig. 11). 1
Note that the arguments above describe the onset of the ﬁnger-
ing, i.e. small ﬁngering amplitudes (in this regime the growth rate is
exponential and linear stability analysis applies). For larger ﬁngers
the amplitude is governed by the growth rate of the ﬁnger tip and
the rate at which they merge in the back by capillary dispersion
(Van Wunnik and Wit, 1989). In this regime the ﬁnger amplitude
becomes a characteristic length deﬁning the length of the shock-
front smear-out, which is no longer deﬁned by capillary dispersion1 We rewrite NMcap as N
M
cap = L/x with x = K pc/(v) being the width of the
capillary smear-out. This can be expressed as x  = Dc/v with Dc = Kpc/ which
can be seen as an order of magnitude approximation for capillary dispersivity.
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Fig. 18. Increasing pc leads to stabilization only on short length scales, for a condition that is unstable on short length scales for pc = 0 is also unstable on large length scales
for  pc > 0. The linear ﬂow velocity is kept constant at v  = 2.96 × 10−6 m/s.
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Table  2
Macroscopic capillary number NMcap as a function interfacial tension and length scale
for a linear ﬂow velocity of v = 2.96 × 10−6 m/s. Stable displacement (according to
Fig.  18) is marked in bold.
L (m)  0.15 0.6 30 90
IFT (mN/m)
0.0 ∞ ∞ ∞ ∞
0.2  0.35 1.41 70.42 211.25
i
c
t
F
o10.0  0.007 0.028 1.408 4.225
30.0  0.002 0.009 0.469 1.408n the present case (see Fig. 3). In Table 2, NMcap is listed for the
onditions from the matrix in Fig. 18 as a function of interfacial
ension (which is used to scale capillary pressure according to
Fig. 19. Unstable and stable displacement on a centimeter length sca
ig. 20. Shock-front stability map  similar to that in Fig. 4 and results of numerical simul
f  30 mN/m.house Gas Control 11 (2012) 188–203
Eq. (13)) and length scale for a linear ﬂow velocity of
2.96 × 10−6 m/s. The situations that were found to be stable are
marked in bold. Stability is consistent for NMcap < 1, whereas unsta-
ble displacement was found for NMcap > 1.
In other words, there is a linear scaling with capillary pressure
and length scale, i.e. there is a similarity in pc/L which supports
the approach by Riaz and Tchelepi (2004) to scale length by the
macroscopic capillary number.
The remaining question is whether the similarity is complete,
i.e. whether on large length scales a similar stability diagram
as in Fig. 4 applies. In Fig. 19 it is demonstrated that in two
exemplary cases, stability and instability based on the shock-
front mobility ratio are also reproduced on a large length for
pc > 0.
le at pc = 0 is reproduced on a 50–100 m length scale for pc > 0.
ations for the 90 m ×45 m length scale and pc from Fig. 3, i.e. an interfacial tension
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Fig. 21. Displacement for the CO2–brine primary drainage with relative permeability and capillary pressure shown in Fig. 3 and parameters listed in Table 1.
Fig. 22. Fingering for nbrine = 2.0 and nCO2 = 3.5 on a scale of 180 m × 90 m (using a grid o
on  the right.
Fig. 23. 3D simulation for nbrine = 2.0 and nCO = 3.5 on a scale of 90 m × 45 m × 45 m
f
F
t
m
s
r
l
8
8
c
l
i
C
scales including pc, and the insight that the stability criteria arti-2
or  a relative permeability endpoint of 1.0, viscosity ratio 1:20, gravity and pc > 0 from
ig.  3. The dominating feature is the gravity tongue.
The stability based on simulation results from Fig. 19 and addi-
ional simulations not shown are added to the shock-front stability
ap  displayed in Fig. 20,  but this time based on the ﬁeld length
cale (90 m × 45 m)  and a realistic pc > 0 for a set of nw and nCO2 . The
esults are very similar to those in Fig. 4 based on the centimeter
ength scale and pc = 0.
. Discussion and conclusions
.1. Stability of core ﬂooding experiments
From the stabilizing effect of pc shown in Fig. 13 one can con-
lude that any CO2–brine core-ﬂood experiment conducted on the
ength scale of a few centimeters at realistic interfacial tensions
n the range of 20–40 mN/m will be stable. In particular, in the
O2–brine experiment reported in Berg et al. (2011) (see Table 1f 200 × 400 grid blocks) for a relative permeability endpoint of 1 on the left and 0.5
and Fig. 3) which motivated the stability analysis here, the displace-
ment is stable.
The corrugation of the displacement front in Berg et al. (2011) is
therefore not a result of ﬁngering in the sense of a viscous instabil-
ity but is caused by other effects where heterogeneity is the most
likely cause. A sensitivity study in Berg et al. (2011) by numerical
simulation (where , K and pc can be varied independently) demon-
strates that neither porosity nor permeability heterogeneity alone
can cause the patterns observed, but that it is rather an effect of pc
variation (pc heterogeneity) in combination with the unfavorably
high viscosity ratio. A similar situation was  presumably encoun-
tered in Tang and Kovscek (2011b), who studied forced imbibition
with large mobility ratios into Berea Sandstone which is – except
for the reversal of wetting and non-wetting phases – a comparable
situation with the study in Berg et al. (2011).
8.2. Stability criteria in general
From the stability considerations supported by numerical simu-
lations we  ﬁnd with gravity neglected (or neutrally buoyant ﬂuids)
the following criteria for instability:
• shock-front mobility ratio Ms > 1 and
• macroscopic capillary number NMcap > 1.
This generally also holds in cases where gravitational forces are rel-
evant, but gravity must be taken into account for calculations of the
shock-front mobility ratio Ms and the macroscopic capillary num-
ber NMcap, i.e. the simple 1D Buckley–Leverett shock-front argument
is no longer valid. We  ﬁnd gravity to be relevant for Ngrav ≥ 1.
8.3. Concrete case for CO2–brine on experimental and ﬁeld scale
After the discussion of stability in general on multiple lengthculated by Yortsos and Hickernell (1989),  Babchin et al. (2008)
and Daripa and Pasa (2008) may  not be reproduced by numerical
simulations, we return to the concrete case of CO2–brine primary
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rainage. The relative permeability and capillary pressure func-
ions are shown in Fig. 3 and the respective parameters are listed
n Table 1. Simulation results shown in Fig. 21 indicate that even
hough the shock-front mobility criterion suggests stability (see
igs. 4 and 20),  the displacement may  actually be unstable both on
he experimental scale for pc = 0 and on the ﬁeld scale for pc > 0. The
ase is not as clear as the situation in Fig. 10,  for example, but the
orrugation of the front is persistent and growing.
The strongest ﬁngering is expected for nbrine = 2.0 and nCO2 = 3.5
or an endpoint of 1. Simulation results for these conditions and also
or an endpoint of 0.5 for comparison are shown in Fig. 22.  Here a
cale of 180 m × 90 m was  chosen using a grid of 200 × 400 grid
locks.
On that scale ﬁngering is really a macroscopic effect. For
r,CO2 (Swc) = 1 the largest ﬁngers have a length of 18 m and a width
f 4 m.  A strong bypassing of rock matrix can be expected for a
adial injection geometry where the distance between the ﬁngers
and hence the bypassing) increases with time.
For Ngrav »1, the dominating feature is the gravity over-run of the
ess-dense CO2 as shown in Fig. 23.  No ﬁngering is observed (either
n the horizontal or vertical direction) but the gravity tongue grows
n an unstable way. On large length scales, unlike on the scale of the
ore ﬂooding experiments shown in Fig. 17,  capillarity pc > 0 does
ot suppress the gravity tongue.
This demonstrates that even if the CO2–brine system is just
oderately unstable in the porous medium – the mobility ratio
s always <1.5 and hence the instability is moderate – there might
e a substantial bypassing of rock matrix that diminishes the sweep
fﬁciency and hence the storage capacity of the reservoir. This can
e expected when gravity effects are signiﬁcant (Ngrav ≥ 1), leading
o a gravity over-run and a main CO2 pathway below the seal.
Next to viscous instability, heterogeneity plays a major role
ith respect to plume migration and bypassing. We  want to point
ut that it strongly depends on the individual reservoir whether
hanneling (heterogeneity related) or viscous ﬁngering is a domi-
ating effect, and that no general statement about the importance
f one or the other can be given. However, both channeling and
iscous ﬁngering are coupled: Take for example the gravity tongue,
hich is related to a special kind of heterogeneity – the cap rock.
n the unstable case, gravity overrun is a self amplifying process
n contrast to the only moderate gravity effect during a stable
isplacement. Along that line, heterogeneity related channeling
ight be ampliﬁed if the displacement is unstable and, hence, it
s important to determine the displacement stability even in cases
f heterogeneous reservoirs.
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